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We have developed a technique utilizing a double quantum well heterostructure that allows us
to study the effect of a nearby ground-plane on the metallic behavior in a GaAs two-dimensional
hole system (2DHS) in a single sample and measurement cool-down, thereby maintaining a constant
disorder potential. In contrast to recent measurements of the effect of ground-plane screening of
the long-range Coulomb interaction in the insulating regime, we find surprisingly little effect on the
metallic behavior when we change the distance between the 2DHS and the nearby ground-plane.
PACS numbers: 71.30.+h, 72.20.-i, 73.21.Fg
The ground state of a 2D electron or hole system is
determined by the ratio rs of the inter-particle Coulomb
energy to the kinetic energy, with the regimes rs ∼ 0,
rs ∼ 10, and rs ∼ 100 corresponding to the gas, liquid
and solid phases of the 2D system. Recently, much effort
has gone into studying the phase diagram of 2D systems,
focussing on the role of interactions and disorder1. An in-
teresting approach is to use an adjacent metallic ground-
plane to screen the long-range Coulomb interactions, and
thereby study how the length-scale of the Coulomb in-
teractions controls the ground state of the 2D system.
Ground-plane screening was used to probe the effect of
Coulomb interactions in the melting of the Wigner crys-
tal state of electrons on liquid helium2,3. More recently,
Huang et al.4 have used a nearby ground-plane to study
the insulating state in an ultra-low density 2D hole sys-
tem (2DHS), and find that the insulating behaviour is
strongly affected by screening the Coulomb interaction.
It would be interesting to perform a corresponding study
for the metallic behavior observed in a dilute 2DHS.
However, this presents a significant technical challenge
because on one hand, the higher hole density p in the
metallic regime requires that the distance d between the
ground-plane and the 2DHS be quite small (d ∼ 50 nm)
to achieve effective screening, and on the other, 2DHSs
of sufficient quality to observe the metallic behavior are
typically buried deep (> 100 nm) in the semiconductor.
In this paper, we report a study of the influence of
ground-plane screening on the metallic behavior in a
2DHS. We find that screening the long-range Coulomb
interactions has a relatively small effect in the metallic
regime, in contrast to the insulating behavior4. Our find-
ings suggest that hole-hole screening within the 2DHS
already significantly reduces long-range Coulomb inter-
actions in the metallic regime, consistent with the view
that the metallic behavior arises due to temperature-
dependent screening of the Coulomb interactions between
holes and charged impurities5,6,7. To overcome the tech-
nical challenge of studying the ground-plane screening
in the metallic regime, we have used a heterostructure
featuring two quantum wells buried ∼ 300 nm beneath
the semiconductor surface and separated by only 50 nm,
such that the 2DHS in the upper quantum well acts as the
nearby ground-plane for the 2DHS in the lower quantum
well. Using a metal surface-gate, we can deplete the up-
per 2DHS, making the surface-gate become the ground-
plane, and thus increasing the distance d to the ground-
plane by a factor of ∼ 7. This is a major advantage as d
can be changed in a single device and measurement cool-
down, thereby keeping the disorder relatively constant,
unlike previous studies.
Our approach is illustrated in Fig. 1(a/b), and uti-
lizes a double quantum well (DQW) structure featuring a
doped semiconductor back-gate, an overall top-gate (TG)
and a set of depletion gates (DG) adjacent to each AuBe
ohmic contact. The top and back gates allow the hole
densities p in the two 2DHSs to be controlled. The ohmic
contacts connect to both QWs and the depletion gate is
used to sever all connections to the upper 2DHS with
the exception of the drain contact, via which the upper
2DHS is grounded (see Fig. 1(a)). Hence current passes
only via the lower 2DHS. In this experiment, we mea-
sure the temperature dependent resistivity ρ(T ) of the
lower 2DHS when it is separated from a nearby ground
plane by d = 50 nm (Fig. 1(a)) and d = 340 nm (Fig.
1(b)). For the d = 50 nm case, the top-gate is set to 0
V, resulting in a 2DHS with a density of approximately
1× 1011 cm−2 in the upper QW, which acts as a ground
plane. For the d = 340 nm case, the top gate is set to
∼ +0.35 V, depleting the upper 2DHS in regions directly
beneath the top gate. Despite being positively biased,
the top-gate is still an equipotential, and hence acts as
a ground-plane when the upper 2DHS is depleted. Com-
bining this operating principle with appropriate adjust-
ments to the various gate biases, we can switch between
the two d values while keeping the density in the lower
2DHS constant, and repeat the experiment at different
densities.
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FIG. 1: (Color online) Schematic of the technique used to
vary the distance d to the ground plane, where the upper
2DHS is (a) occupied (d = 50 nm) or (b) depleted (d = 340
nm). (c) A comparison of the longitudinal (ρxx - left axis)
and Hall (ρxy - right axis) resistance of the lower 2DHS at
p = 6.6 × 1010 cm−2 with VBG = 0 V for d = 340 nm (solid
blue lines) and d = 50 nm (dashed red lines). The arrows
indicate the relevant axes. The data for d = 50 nm has been
duplicated and offset upwards by 1 kΩ/ in ρxx and 5 kΩ in
ρxy (solid red lines) for clarity, since the data for the two d
values overlap.
The device is fabricated on a (311)A AlGaAs/GaAs
DQW heterostructure, featuring two 20nm GaAs QWs
separated by a 30nm thick Al0.3Ga0.7As barrier that
ensures there is no tunneling between the two 2DHSs
(∆SAS ≪ 0.1 K). The heavily-doped (311)A substrate
acts as the back-gate and is separated by 3 µm from
the lower QW. The device is fabricated into a Hall bar
structure oriented along the high-mobility [233] direction.
Transport measurements were performed in a Kelvinox
100 dilution refrigerator, with a 20 mK base tempera-
ture. Standard four-terminal low-frequency a.c lock-in
techniques were used with a constant excitation voltage
of 20 µV applied at f = 4 Hz.
In Fig. 1(c) we present magnetotransport measure-
ments in the two device configurations presented in Fig.
1 (a/b) to demonstrate that we can maintain a constant
p in the lower 2DHS while changing the ground-plane dis-
tance from d = 50 nm (dashed red trace) to d = 340 nm
(solid blue trace). Due to the close overlap of these two
traces, we have reproduced the d = 50 nm traces and off-
set them vertically for clarity (solid red lines). The Hall
slope (ρxy - right axis) and the period of the Shubnikov-
de Haas (SdH) oscillations (ρxx - left axis) show that the
density remains constant to within 1% despite changing
d by a factor of ∼7.
We commence our study by comparing the tempera-
ture dependent resistivity ρxx(T ) measured for d = 340
nm with that obtained in a prior study using a similar
p-GaAs heterostructure containing a single QW8. This
allows us to confirm that the depleted upper 2DHS in our
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FIG. 2: (Color online) A comparison of the temperature
dependent longitudinal resistivity ρxx(T ) vs temperature T
for: (a) a previously measured 2DHS in a similar single QW
heterostructure8, and (b) the lower 2DHS of our device when
the upper 2DHS is depleted (d = 340 nm). The numbers
beside each trace indicate the hole density in units of 1010
cm−2.
device does not significantly alter the results obtained for
large d. In Fig. 2(a) we show ρxx(T ) data obtained in
8,
where a clear metal-insulator transition is observed. In-
sulating behavior ( ∂ρ∂T < 0) is observed at low densities,
with a transition to metallic behavior ( ∂ρ∂T > 0) occur-
ring at p ≈ 1.57 × 1010 cm−2. With further increases
in p, the metallic behavior weakens again, as expected
because the hole-hole interactions weaken with increas-
ing p. Very similar behavior is obtained in our device
for d = 340 nm, as shown in Fig. 2(b). At high densi-
ties, weak metallic behavior is observed, which becomes
stronger as p is decreased. We are unable to measure in
the insulating regime because our device becomes unsta-
ble when the top-gate bias is too high, however this is
not an impediment to the experiments presented here.
In Fig. 3 we present ρxx(T ) measured with d = 340
nm (thick lines) and d = 50 nm (thin lines) at five differ-
ent densities deep in the metallic regime. Moving down
through the panels in Fig. 3, the metallic behavior weak-
ens with increasing p, as indicated by the percentage
change in resistivity ∆ρ over the measured temperature
range. The most obvious effect of reducing d to 50 nm
is to offset ρxx(T ) to a lower resistivity, likely caused
by the upper 2DHS screening the lower 2DHS from the
long-range impurity scattering from the upper modula-
tion doping layer.
The resistivity ρxx(T ) is predominantly composed of
three parts: a temperature-independent Drude contribu-
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FIG. 3: (Color online) (a)-(e) The measured resistivity ρxx(T )
vs temperature T for d = 50 nm (thin red lines) and d = 340
nm (thick blue lines) for five different densities p. The back-
gate bias was the same for the two d values at each density.
The dashed lines show the calculated phonon contributions
(parameter free fits of Karpus’ theory) in each case. The
percentage change in resistivity from 150 mK to 0.7 K for
d = 340 nm is shown for each panel.
tion ρ0 due to impurity scattering, and two temperature-
dependent contributions due to phonon scattering ρph(T )
and hole-hole interactions. We calculate ρph(T ) us-
ing Karpus’ theory10, as done previously for 2D hole
systems9,11. The Drude contribution ρ0 is then obtained
by extrapolating ρ(T )−ρph(T ) to T = 0. The calculated
phonon contributions for each d and p are presented as
dashed lines in Fig. 3. At the highest density, where
interactions are weakest, ρph(T ) is a remarkably good
fit to the measured ρ(T ) considering there are no fit-
ting parameters, giving confidence in our application of
Ref. 10 to calculating the phonon contribution. In con-
trast, at lower densities, there is a significant temperature
dependence that cannot be described by phonon scatter-
ing alone, which we attribute to hole-hole interactions
(screening).
Following Proskuryakov et al., we isolate the contri-
bution of the Coulomb interactions to the conductivity
σint(T ) by subtracting the phonon and Drude contribu-
tions using σint(T ) = [ρ(T )− ρph(T )]−1 − ρ−10 9. In Fig.
4 (a), we plot σint(T ) vs T corresponding to the d = 50
nm trace in Fig. 3(a), and find an approximately linear
dependence of σint on T , with a negative slope corre-
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FIG. 4: (Color online) (a) ∆σ vs T for p = 4.9×1010cm−2 and
d = 50nm. The data is the thin solid line and the linear fit
is the thick dashed line. The error bars indicate the effect of
varying the temperature range of the linear fits used to obtain
d(σint/σ0)/d(T/TF ). Although the values change slightly, the
observed trends are unaffected. (b) A plot of the metallicity
d(σint/σ0)/d(T/TF ) vs rs for d = 340 nm (open squares) and
d = 50 nm (open circles), and rdipoles for d = 50 nm (closed
circles). The dashed line is a guide to the eye for the trend
exhibited by the d = 340 nm data vs rbares (open squares).
sponding to metallic behavior. It is common to interpret
such data using the theory of Zala et al.7 to obtain the
Fermi liquid interaction parameter F σ0 . This is normally
achieved by fitting σint vs T in the linear regime (i.e.,
T << TF , where TF is the Fermi temperature) to ob-
tain the normalized slope d(σint/σ0)/d(T/TF ), which is
related to F σ0 by d(σint/σ0)/d(T/TF ) = 1 + [3F
σ
0 /(1 +
F σ0 )]
12. However, recent studies have shown that the the-
ory of Zala et al.7, which assumes a short-range scattering
potential, does not extract the correct values of F σ0 for
modulation-doped samples where long-range scattering
from remote ionized impurities is significant13. Hence in
this paper, we focus on the slope d(σint/σ0)/d(T/TF ) as
a measure of the strength of the metallic behavior, hence-
forth called the ‘metallicity’, and simply note that if we
fit Zala’s theory to our data, we obtain F σ0 values similar
to those previously obtained in modulation-doped GaAs
2D hole systems by Proskuryakov et al.9.
We now directly analyze the effect of changing the
ground-plane separation d, and thus the length-scale of
the Coulomb interactions, on the metallic behavior. To
do this, we obtain the metallicity d(σint/σ0)/d(T/TF )
for each trace in Fig. 3 by taking a linear fit to the
corresponding σint vs T data (Fig. 4(a)). We limit
our fitting to the range 150 mK < T < 0.7 K. The
4lower limit is the minimum hole temperature in our ex-
periment (obtained following14) whilst the upper limit
ensures that T << TF . The relative strength of the
hole-hole Coulomb interactions is characterized by rs,
which in the absence of a nearby ground-plane, takes
the form rbares = (m
∗e2)/(4π3/2~2ǫ
√
p), where ǫ is the
dielectric constant. In Fig. 4(b), we plot the metallic-
ity d(σint/σ0)/d(T/TF ) as a function of r
bare
s for d = 340
nm (open squares) and d = 50 nm (open circles). In each
case d(σint/σ0)/d(T/TF ) is negative, indicating metallic
behavior. As Fig. 4(b) shows, there is little change in
the metallicity as d is reduced from 340 nm to 50 nm at
constant density, but the metallic behavior weakens with
increasing density (i.e., decreasing rs), as expected. The
presence of the ground-plane introduces negative image-
charges that cause the holes to interact as though they
were dipoles rather than single positive charges, resulting
in a Coulomb potential that falls off as ∼ 1/r3 instead
of 1/r for r > 2d4. This leads to an additional term
in rs that accounts for the Coulomb interaction between
the hole’s image-charge and another hole in the 2DHS,
giving15,16:
rdipoles =
m∗e2
4π2~2ǫp
[(πp)1/2 − ( 1
πp
+ d2)−1/2]
The additional term in Eqn (1) reduces the effective
rs as d becomes comparable to the hole-hole separation
4
a = 2(πp)1/2, with a ranging from 36 − 51 nm for the
data in Fig. 3. Thus, whilst for d = 340 nm the ef-
fective reduction in rs is quite small (< 8%), it is quite
substantial for d = 50 nm, as demonstrated in Fig. 4(b),
where we have re-plotted the metallicity for d = 50 nm
vs. rdipoles (solid circles).
We now consider the effect of the ground plane on the
metallicity. The dashed line in Fig. 4(b) shows the metal-
licity of the unscreened d = 340 nm data tends to de-
crease as rs is reduced. If the metallicity depends only
on rs, for example, if it is due to long-range Coulomb
interactions7, then when the effective rs is decreased by
reducing d from 340 nm to 50 nm, the metallicity should
also be reduced. When plotted against rdipoles , the metal-
licity for the d = 50 nm data (solid circles) should lie in
the upper left corner of Fig. 4(b), not down in the lower
left of the figure. In fact rather than being reduced, the
d = 50 nm metallicity is actually slightly greater than
for d = 340 nm, suggesting that the ground-plane has
almost no effect on the metallic behavior. This is in con-
trast to recent experiments on the screening of long-range
Coulomb interactions in the insulating regime4, where
single layer 2DHS samples with d = 250, 500 and 600
nm were examined. The hopping conductivity was fitted
to the form σ/(e2/h) = G0 + (T/T0)
α, and the exponent
α, which is related to the strength of the insulating be-
havior, was found to be very sensitive to d, and uniquely
determined by the ratio d/a, which was changed from 1.1
to 5 [4]. In our experiment, d/a changes by almost an
order of magnitude, from 2 to 19, yet we find that the
metallicity is primarily determined by a alone.
One possible explanation for the contrasting behaviour
is that in the metallic regime the long-range Coulomb in-
teractions are already screened by the other holes in the
2DHS, significantly diminishing the effect of the ground-
plane. In the insulating regime, this screening by other
holes is much weaker, giving the ground-plane signifi-
cant effect. This is consistent with recent studies of the
compressibility of 2D systems18, which found that the
Thomas-Fermi screening radius increases by over an or-
der of magnitude when going from the metallic to insu-
lating regime.
We finish with some final comments on the experi-
ment. First, it is particularly interesting to note that our
findings are consistent with the metallic behavior being
due to the temperature-dependent screening of the hole-
impurity Coulomb interactions5,6,7. Second, because the
screening layer for d = 50 nm is a nearby 2DHS, we have
estimated the possible contribution of Coulomb drag to
∆ρ(T ), since this can be a significant effect in DQW
structures17. Due to the relatively large QW spacing
and high densities, we calculate the drag contribution to
∆ρ(T ) to be < 1% in our device. Finally, in addition
to theoretical calculations16, we have performed experi-
ments to check that the upper 2DHS density is sufficient
to act as a proper screening layer. We find no change
in the metallic behavior when the upper 2DHS density
is varied19, confirming that the upper 2DHS acts as an
effective ground-plane.
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